ABSTRACT In this paper, a novel opportunistic spectrum access protocol, namely the primary receiver assisted interference avoidance (PRA-IA) protocol, is proposed and analyzed in cognitive radio (CR) networks to simultaneously exploit the underutilized positions of the primary network and avoid transmission collisions among secondary transmitters (STs). Particularly, the proposed PRA-IA protocol is comprised of two processing phases, i.e., the qualification phase and the contention phase. The qualification phase is designed to preselect the set of STs (denoted by eligible STs) which are in the ''spatial holes'' of the active primary receivers to guarantee the primary transmissions. The contention phase, on the other hand, aims to improve the performance of secondary transmissions by further resolving the potential collisions among the eligible STs based on the randomly generated backoff timer. With mathematical tools from stochastic geometry, the transmission probability of active STs, the coverage probability, and thereby the spatial throughput of the CR network under the PRA-IA protocol are characterized and analyzed. Furthermore, simulations are provided to verify the accuracy of the derived analytical results and demonstrate the impacts of key network parameters on network performance. From the numerical results, it is shown that the proposed PRA-IA protocol is superior to the PRA protocol on the spatial throughput tradeoff of the primary and secondary networks.
I. INTRODUCTION
The proliferation of smart mobile devices, coupled with bandwidth-intensive data services and applications, has led to an explosive increase in demand for mobile traffic volumes over recent years. According to Cisco's annual VNI report [1] , the monthly gobal mobile data traffic will reach 49 exabytes by 2021, an increase of approximately sevenfold over that in 2016. Such an unprecedented mobile data tsunami has urged the researchers and engineers to develop more advanced techniques for capacity enhancement of future 5G networks [2] - [8] .
Various innovative capacity-increasing methods have been proposed and investigated to tackle the above-mentioned 1000x mobile data challenge [9] . Particularly, opportunistic spectrum access (OSA) [10] , [11] , which is envisioned as the cornerstone technology for next generation mobile networks to improve the spectral efficiency, has attracted significant attention over recent years. The key design principle of OSA is to provide spectrum reuse opportunities to secondary users while protecting primary users from harmful interference. As such, how to resolve the tension between the secondary users' demand for spectrum resources and the primary users' requirement for protection is one of the main difficulties to be addressed in the study of OSA.
A tremendous amount of research effort has been devoted to the design of OSA in CR networks [12] - [23] . Particularly, in [12] - [14] , decentralized OSA schemes were proposed and analyzed under the framework of partially observable Markov decision Process (POMDP). In [15] and [16] , the spectrum access problem of STs was formulated as multi-armed bandit problem and solved by distributed learning policies. In [17] , a novel game-theoretic spectrum access scheme was proposed for the OSA of vehicles in CR-VANET. In [18] - [20] , the OSA of STs in CR networks was studied under the paradigm of full-duplex communication.
In [21] - [23] , energy harvesting based OSA was investigated to improve the energy efficiency of CR networks. It is worth noting that in the above mentioned works [12] - [23] , the STs were designed to utilize the idle time periods and/or frequency bands of the primary network for data transmission. In this paper, however, unlike [21] - [23] , with mathematical tools from stochastic geometry [24] - [27] , we consider the performance of OSA in space, where the STs are designed to exploit the underutilized positions of the primary network for data transmission.
Several attempts have been made on the OSA design in space for CR networks [28] , [29] . Particularly, in [28] , Lee and Haenggi proposed and analyzed the exclusion region based OSA protocol (namely the ERR protocol) to protect the primary transmissions, under which the STs are prohibited to transmit if the guard zones of the active PRs are detected. It is worth noting that the detection criteria of spatial holes in CR networks with ERR protocol simply depends on the distance. As such, the ERR protocol proposed in [28] is conservative and may overlook the potential transmission opportunity of STs. To address this issue, in [29] , Song et al. investigated the threshold-based OSA protocol (namely the PRA protocol), under which the access of STs is determined by the estimated signal strength of the introduced interference received at the active PRs instead of the fixed regions of guard zones. As discussed in [29] , due to such ''soft'' protection, the PRA protocol proposed in [29] is shown to be superior to the ERR protocol proposed in [28] in terms of the spatial throughput trade-off of primary and secondary networks.
It should be pointed out that, in [28] and [29] , only the internetwork interference from STs to PRs was considered, while the intra-network interference from STs to non-intended SRs was not addressed. In this paper, however, different from that in [28] and [29] , a novel OSA protocol, namely the PRA-IA protocol, is proposed to simultaneously prevent from causing harmful interference at PRs and avoid transmission collisions among STs. Particularly, the proposed PRA-IA protocol is comprised of two processing phases, i.e., the qualification phase and the contention phase. The qualification phase is designed to preselect the set of STs (denoted by eligible STs) which satisfy the inter-network interference constraint at the active PRs to guarantee the primary transmissions. The contention phase, on the other hand, aims to alleviate the intra-network interference among the secondary transmissions based on the carrier sensing type of medium access control mechanism. It is also worth noting that unlike the cases of ERR and PRA protocols in [28] and [29] , the OSA of STs under the PRA-IA protocol is determined by the spatial realizations of both the active primary and secondary users. As such, the statistical characterization of the point process formed by the active STs is the major problem to be addressed in this paper. Our main contributions are summarized as follows:
• We propose a novel OSA protocol, namely the PRA-IA protocol, under which the STs are encouraged to take advantage of the spatial opportunities detected in the primary network if the inter-network interference from
STs to PRs and the intra-network interference among the concurrent secondary transmissions are effectively constrained.
• We analyze the spatial distribution of the point process q formed by the eligible STs preselected in the qualification phase. It is worth noting that, unfortunately, due to the complex interactions between STs and PRs, only the first-order intensity λ q of q can be obtained, while the higher-order statistics of q is infeasible to be derived. As such, we cannot exactly characterize the transmission probability of STs. To address this issue, we approximate q as a homogeneous poisson point process (HPPP) with intensity λ q , and based on which derive the transmission probability of STs under the PRA-IA protocol.
• Conditioned on a typical PR R p at the origin, with the approximation technique, we derive the spatial distribution of the point process R p s (u) formed by the active STs on a circle of radius u centered at R p , and then based on which characterize coverage probability of the primary network.
• Similarly, conditioned on a typical SR R s at the origin, with the approximation technique, we derive the spatial distribution of the point process R s p (u) and R s s (u) formed by the active PTs and STs on a circle of radius u centered at R s , and then based on which characterize coverage probability of the secondary network.
• Simulations are provided to verify the accuracy of the derived analytical results and demonstrate the impacts of key network parameters on network performance. Further, through numerical results, it is shown that the proposed PRA-IA protocol is superior to the PRA protocol on the spatial throughput trade-off of the primary and secondary networks. The remainder of this paper is organized as follows. Section II describes the system model. Section III derives the transmission probability of STs under the PRA-IA protocol. Sections IV and V characterize the coverage probability of the primary and secondary networks, respectively. Section VI provides numerical results to corroborate our analysis. Finally, Section VII concludes the paper.
II. SYSTEM MODEL
We study a CR network with the primary and secondary users operating at the same frequency band on R 2 . The transmission power of PTs is given by P p , while the transmission power of STs is given by P s , where P p ≥ P s . For the spatial distribution of the CR network, the PTs and STs are modeled by two independent HPPPs of intensity µ 0 and λ 0 . Further, for each PT/ST, the respective PR/SR is assumed to be at a fixed distance of d p or d s away. As such, it can be easily verified that the PRs and SRs also follow two independent HPPPs with density µ 0 and λ 0 .
The propagation of the primary and secondary signals over the air for a distance of d is assumed to be subject to the large-scale path-loss d −α with exponent α and the small-scale Rayleigh fading with the power coefficient h of unit mean. For the reception of the data signal, since the thermal noise is in general trivial compared with the interference in wireless networks, we use the signal-to-interference ratio (SIR) as the evaluation metric and denote θ p and θ s as the corresponding targets of the primary and secondary transmissions.
In each time slot, the primary network employs an Aloha type protocol [30] with the access probability of primary users given by p p . As such, it can be easily verified that the active PTs/PRs follow a HPPP with density µ p = µ 0 p p . The secondary network, on the other hand, employs the PRA-IA protocol to guarantee that all the active STs are in the spatial spectrum holes of the primary network and introduce only constrained interference at the non-intended SRs. Particularly, the qualification phase and the contention phase of the PRA-IA protocol are elaborated as follows.
1) QUALIFICATION PHASE
Under the PRA-IA protocol, in each time slot, the STs first go through the qualification phase to constrain their interference at the PRs. Particulary, to identify the spatial spectrum holes of the primary network, a ST at position x is designed to monitor the beacon signals sent from the PRs at the beginning of the qualification phase and detect the maximum received beacon power M b (x). Then, by the reciprocity of the wireless channel, the STs can estimate their potential interference perceived at the active PRs and proceed to the contention phase if the corresponding M b (x) is lower than a predefined threshold N q .
2) CONTENTION PHASE
Let q denote the point process formed by the eligible STs selected in the qualification phase. To measure the severeness of the intra-network interference among the concurrent secondary transmissions, a predefined contention threshold N s is considered, such that an eligible ST at position x ∈ q is in transmission collision with the eligible ST at position y ∈ q iff P s h|y − x| −α ≥ N s . To alleviate the above non-intentional intra-network interference of secondary transmissions, in the contention phase of each time slot, the random back-off timer based collision avoidance mechanism is considered. Particularly, at the beginning of the contention phase, each ST independently generates a uniformly distributed backoffer timer over the range [0, 1] and initiates the countdown. Then, before the back-offer timer reaches 0, if there is no secondary contenders being detected, the corresponding eligible ST confirms the access of the spectrum and starts the transmission. Otherwise, the eligible ST refrains from transmitting in the current time slot and waits for the next OSA cycle.
Based on the system model of the CR network and the proposed PRA-IA protocol, we derive the transmission probability of STs in the next section.
III. TRANSMISSION PROBABILITY OF STs
In this section, we evaluate the transmission probability Q c ra of STs under the PRA-IA protocol. We first derive the probability Q q that a ST satisfies the interference constraint N q at the active PRs in the following lemma.
Lemma 3.1: Given that the active PRs follows a HPPP with density µ p , under the PRA-IA protocol, Q q is given by
where (z) denotes the Gamma function for positive z as
Proof: By applying the same approach as that in the proof of Theorem 3.1 in [29] , (1) can be readily obtained. This thus completes the proof of Lemma 3.1.
Let q denote the point process formed by the eligible STs preselected in the qualification phase. Then, based on Lemma 3.1, the marginal intensity of q is obtained in the following corollary.
Corollary 3.1: Given that the active PRs follows a HPPP with density µ p , under the PRA-IA protocol, the density of q is given by λ q = λ 0 Q q .
Remark 3.1: Instead of a complete characterization of the spatial distribution of q , only the first-order intensity λ q can be obtained. As such, due to the fact that q does not follow a HPPP, the interactions among the contending eligible STs and thereby the transmission probability Q c ra of STs are difficult to be accurately analyzed. To address this issue, Assumption 3.1 is applied on q as follows.
Assumption 3.1: q follows a HPPP with intensity λ q . Let Q c denote the successful contention probability that an eligible ST has the minimal back-off timer among its secondary contenders in the contention phase. Then, based on Assumption 3.1, Q c is derived in the following lemma.
Lemma 3.2:
Under the PRA-IA protocol, assuming that q follows a HPPP with intensity λ q , Q c is given by
Proof: See Appendix A. Remark 3.2: It can be observed that Q c is an increasing function with respect to the ratio 
As such, under Assumption 3.1, we characterize Q c ra in the following theorem based on Lemmas 3.1 and 3.2.
Theorem 3.1: Under the PRA-IA protocol, assuming that q follows a HPPP with intensity λ q , Q c ra is given by 
An intuitive explanation is that: the access probability of the STs is dominated by the spatial opportunity detected in the primary network. Remark 3.4: Let s denote the point process formed by the active STs under the PRA-IA protocol. Further, let λ s denote the density of s . Then, it can be easily verified that
(6) In the following two sections, based on Theorem 3.1, we derive the conditional distribution of the active STs and PTs given a typical PR or SR at the origin, and then characterize the coverage performance of the primary and secondary networks.
IV. COVERAGE PROBABILITY IN PRIMARY NETWORK
In this section, we characterize the coverage probability of the primary network. Without loss of generality, we focus on a typical PR located at the origin denoted by R p . Further, we assume that the corresponding PT T p associated with the typical PR R p is located at a distance of d p away from the origin in a random direction. Let t p and ϒ r p denote the point processes formed by the rest of active PTs and PRs, respectively. Then, it can be easily verified from the Slivnyak's theorem [26] that 
Proof: Under the PRA-IA protocol, conditioned on a typical PR R p at the origin, the probability that a ST on a circle of radius r centered at R p is selected as an eligible ST is given by Q q · Pr h ≤ Remark 4.1: It is worth noting that in the qualification phase, the selected eligible STs need to satisfy the interference constraint at the typical SR R p as well as the other active PRs. This is the reason why the probability Q p is taken into account in the proof of Lemma 4. 
where (u) and is independent from the point process formed by the active PTs, the coverage probability of the primary network is upper and lower bounded by
and
where Then, from Theorem 4.1, it can be observed that the gap between the upper and lower bounds of τ p depends on the gap between Q c and T . Based on this fact, it can be easily verified from Lemma 4.2 that the tightness of the upper and lower bounds of τ p is determined by ( 
V. COVERAGE PROBABILITY IN SECONDARY NETWORK
In this section, we characterize the coverage probability of the secondary network. Similar to the case of the primary network, we focus on a typical SR located at the origin denoted by R s , and assume that its associated ST, which is denoted by T p , is located at a distance of d p away from the origin in a random direction. It is worth noting that the typical SR R s is assumed to be utilizing the spectrum for the evaluation of the coverage performance in Secondary Network. As such, different from that in the analysis of the coverage performance of the primary network, the point processes formed by the active PRs and PTs conditioned on the typical SR R s at the origin no longer follow HPPPs. More than that, since the activation of the STs depends on the spatial distribution of PRs, the point process formed by the rest of the active STs is also different from that in the primary network case. From the above discussion, in the following, we first characterize the conditional distribution of the active PRs, and then based on which derive the conditional distributions of active PTs and STs.
For the primary network, let ϒ 
Proof: It is worth noting that since R s and T s are assumed to be active in the analysis of the coverage performance of secondary network, under the PRA-IA protocol, the probability that a PR on a circle of radius r centered at T s is utilizing the spectrum is given by Pr h ≤ 
Proof: As illustrated in Fig. 2 , it can be easily verified that For the secondary network, with Lemma 5.1, in the following, we first derive the conditional distribution of the eligible STs, and then based on which characterize the conditional distribution of active STs. Particularly, as illustrated in Fig. 3 , let 
where Proof: A sketch of the proof is given as follows. We first denote Q q (x s ) as the probability that a ST at location x s is selected as an eligible ST, where |x s − T s | = r. Then, it can be easily verified that
where ψ x s p (t) denotes the average density of the active PRs on a circle of radius t centered at x s .
For the lower bound of Q q (x s ), based on the fact that the density of active PRs around x s is in the worst case given by µ p , i.e., ψ x s p (t) ≤ µ p , it can be obtained that
On the other hand, for the upper bound of λ (18) on (16), we can obtain that
Then, with (17) and (19), (15) 
It is worth noting that the typical ST T s is assured of activating in the analysis of the coverage performance of secondary network. As such, by the PRA-IA protocol, the tagged eligible ST x s can launch the transmission iff (a) it is not a secondary contender with respect to the typical ST T s , and (b) it has the minimal back-off timer among its secondary contenders. Based on the above two conditions, and assuming that Based on Lemma 5.5, we further derive the spatial distribution of active STs around R s for the characterization of the coverage probability of secondary network. Particularly, we denote R s s (u) as the point process formed by the active STs on a circle of radius u centered at R s , which is illustrated in Fig. 3 . Then, we characterize the spatial distribution of s (u), the coverage probability of the secondary network is lower-bounded by
Proof: See Appendix D. Remark 5.6: It is worth noting that since effective lower bounds on µ R s p (u) and λ R s s (u) are not available, the upper bound on τ s is infeasible to be characterized. This is the reason why only the lower bound on τ s is provided.
Remark 5.7: Based on Theorem 5.1, we are thereby able to characterize the spatial throughput C s = λ 0 Q c ra τ s of the secondary network under the PRA-IA protocol.
VI. NUMERICAL RESULTS
In this section, numerical evaluations of the theoretical results derived in Sections III, IV, and V are presented. Unless otherwise stated, the network parameters are set as follows:
A. TRANSMISSION PROBABILITY Fig. 4 plots the transmission probability Q c ra of STs with respect to µ p , for P p /N q = 1, 5, 10 and P s /N s = 1, 5, 10, respectively. Particularly, from Fig. 4(a) and Fig. 4(b) , it can be observed that the analytical results is in accordance with the simulation results, which thereby shows that Assumptions 3.1 is valid. N s → ∞. Intuitively, this is due to the fact that as N s → ∞, the eligible STs are all allowed to access the spectrum and thereby 
C. SPATIAL THROUGHPUT
The spatial throughputs C p and C s of the primary and secondary networks are plotted in Figs. 7 and 8 , respectively, versus the predefined secondary contention threshold N s , under the PRA-IA protocol. Particularly, for the primary network, it is observed from Fig. 7 that similar as τ p , C p is also a decreasing function with respect to N s , which is intuitively expected from the fact that C p = µ p τ p . For the secondary network, however, as observed from Fig. 8 , different from τ s , C s is an increasing function of N s . It is worth noting that C s = λ 0 Q c ra τ s and Q c ra is an increasing function of N s . Then, an intuitive explanation of the above observation is that the rate of change of Q c ra with respect to N s is faster than that of τ s .
D. PERFORMANCE COMPARISON WITH PRA Fig. 9 compares the CR network spatial throughput tradeoff performance of the PRA-IA and PRA protocols. Particularly, it can be observed from Fig. 9 that the PRA-IA protocol is superior to the PRA protocol in terms of the spatial throughput trade-off of the primary and secondary networks. Intuitively, this is due to the fact that the PRA-IA protocol not only considers the inter-network interference from STs to PRs but also the intra-network interference among the concurrent secondary transmissions.
VII. CONCLUSIONS
This paper has presented a novel OSA protocol, namely the PRA-IA protocol, to simultaneously exploit the underutilized positions of the primary network and avoid transmission collisions among STs. Particularly, the proposed PRA-IA protocol is comprised of two processing phases, i.e., the qualification phase and the contention phase. The qualification phase is designed to preselect the set of eligible STs to guarantee the primary transmissions. Based on the qualification phase, the contention phase further resolves the potential transmission collisions of the eligible STs by utilizing the randomly generated back-off timers. With mathematical tools from stochastic geometry, the transmission probability of active STs, the coverage probability and thereby the spatial throughput of the CR network under the PRA-IA protocol are characterized and analyzed. Further, numerical evaluations are provided to verify the accuracy of the derived analytical results and demonstrate the impacts of key network parameters on network performance. Through simulations, we conclude that the proposed PRA-IA protocol is superior to the PRA protocol on the spatial throughput trade-off of the primary and secondary networks. 
Based on (23), under Assumption 3.1, we thus obtain Q c as 
Let Q c (x s ) denote the probability that the randomly generated back-off timer of x s is the smallest compared with its secondary contenders. Then, under Assumption 4.1, the lower bound on Q c (x s ) is given by 
where (a) follows from (27) , and
It is worth noting that
Then, by applying (26) and (28) on (29), (8) 
where t p and s denote the set of active PTs and STs, respectively. Then, by applying a similar approach as in the proof of Theorem 4.1 in [29] , it can be obtained that 
where (a) follows from the fact the interference sent from the j-th active ST is constrained as P s g j |Y j | −α ≤ 
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